The attenuated Lassa vaccine candidate ML29 is a laboratory-produced reassortant between Lassa and Mopeia viruses, two Old World arenaviruses that differ by 40% in nucleic acid sequence. In our previous studies, ML29 elicited sterilizing immunity against Lassa virus challenge in guinea pigs and marmosets and virus-specific cell-mediated immunity in both simian immunodeficiency virus (SIV)-infected and uninfected rhesus macaques. Here, we show that ML29 is stable after 12 passages in vitro without losing its plaque morphology or its attenuated phenotype in suckling mice. Additionally, we used deep sequencing to characterize the viral population comprising the original stock of ML29, the stock of ML29 after 12 passages in Vero cells, and the ML29 isolates obtained from vaccinated animals. Twenty-seven isolates bore approximately 77 mutations that exceeded 20% of the single-nucleotide polymorphism (SNP) changes at any single locus. Of these 77 mutations, 5 appeared to be host specific, for example, appearing in mice but not in primates. None of these mutations were reversions of ML29 to the sequences of the parental Lassa and Mopeia viruses. The host-specific mutations indicate viral adaptations to virus-host interactions, and such interactions make reasonable targets for antiviral approaches. Variants capable of chronic infection did not emerge from any of the primate infections, even in immune-deficient animals, indicating that the ML29 reassortant is reasonably stable in vivo. In conclusion, the preclinical studies of ML29 as a Lassa virus vaccine candidate have been advanced, showing high levels of protection in nonhuman primates and acceptable stability both in vitro and in vivo.
A renaviruses are zoonotic pathogens that infect rodents and occasionally human beings, sometimes with fatal consequences. The prototype virus is lymphocytic choriomeningitis virus (LCMV), which can cause disease in humans, from minor febrile episodes to severe aseptic meningitis (1) . Arenavirus particles contain single-stranded RNA (ssRNA) in which the viral genome is divided into two ambisense segments (2) ; the large (L) segment encodes an RNA-dependent RNA polymerase (RdRp) and a small zinc-binding "Z" protein, and the short (S) segment encodes the viral nucleocapsid protein (NP) and the glycoprotein precursor (GPC).
Lassa virus (LASV) is a highly pathogenic member of the family that can cause Lassa fever (LF) in people who inhabit rodentinfested dwellings in West Africa. Some studies report around 300,000 cases per year, with a mortality rate between 1 and 16% (3, 4) . Lassa fever is prevalent in all age groups, and it is not gender specific. The highest-risk populations are (i) those who live in crowded rural areas infested by the rodent Mastomys natalensis (5), (ii) those working in a slaughterhouse, (iii) those bitten or scratched by animals, (iv) those hospitalized in areas of endemicity with poor medical practices, and (v) health care workers in contact with LF cases (6, 7) .
The LF incubation period ranges from 6 to 21 days. Around 80% of the infections are asymptomatic, but the remaining 20% can evolve to flu-like disease, followed by the development of severe multisystemic damage to liver, spleen, and kidneys. Some severe cases develop hemorrhagic symptoms characterized by mouth, nose, gastrointestinal, or vaginal tract bleeding; low blood pressure; and, finally, death (8) .
The annual number of infections and deaths, the fear of imported infections, and the lack of effective specific treatment make a strong case for LF vaccine development. We reported the development of an attenuated vaccine candidate called Mopeia-Lassa clone 29 (ML29), which is a reassortant virus between the nonpathogenic Mopeia virus (MOPV) and the pathogenic LASV (9, 10) . ML29 conferred sterilizing protection in rodents and nonhuman primates after lethal challenge with homologous and distantly related LASV strains (11) . Additionally, ML29 conferred postexposure protection in guinea pigs (11) .
Like most RNA viruses, arenaviruses have an RNA-dependent RNA polymerase lacking proofreading activity. This feature can potentially affect the safety profile of live attenuated vaccines containing RNA genomes. Here, we evaluate the phenotype and genotype of ML29 after several passages in Vero cells. Additionally, ML29 was evaluated for variations after passage in vivo. ML29 clones were isolated from vaccinated rhesus macaques, marmosets, and mice, and these isolates were subjected to pyrosequencing. There were no major changes at any nucleotide position after the in vitro passages. However, we were able to detect some hostspecific changes after passage in vivo, suggesting the emergence of host-specific adaptive mutations. The few detected changes suggest that ML29 is very stable after passages in vitro and in vivo. Notably, none of the major changes observed were reversions to wild-type parental virus (MOPV or LASV) sequences, and none of CAA, or 5=-L segment-ACAAGTTGGAGGGAACAGGGACT), dNTPs, and Platinum Taq DNA polymerase High Fidelity (Invitrogen) in 50-l reaction mixtures. The amplified products (L segment, approximately 7.4 kb, and S segment, 3.4 kb) were separated in Tris-borate-EDTA (TBE)-agarose gels and purified using a QIAquick Gel Extraction Kit (Qiagen), and each DNA strand was sequenced using a primer-walking method (1, 16, 17) . All sequencing reactions were performed in the Applied Biosystems 3130xl automated sequencer using BigDye terminators (Applied Biosystems), and the sequences were edited and assembled using Sequencher v4.6 (Gene Codes Corporation, Ann Arbor, MI). The results were aligned with L (GenBank accession number NC_006572) and S (GenBank accession number NC_006573) segments from ML29 using MacVector.
Single-nucleotide polymorphism (SNP) analysis. For a more detailed comparison, total RNA was isolated from concentrated ML29-infected cell supernatants by the TRIzol method and then diluted 1:50 and quantified using an Eppendorf biophotometer. One hundred nanograms of RNA was amplified with random hexamers using the Ovation RNA-Seq System (San Carlos, CA), and then the cDNA product was quantified using Quant-It HS reagents (Invitrogen, Life Technologies, Carlsbad, CA) and used for the generation of sequencing libraries. Fragmentation was performed according to the manufacturer's protocol. Libraries representing each sample were subjected to emulsion PCR, and enriched DNA beads were loaded onto a picotiter plate and pyrosequenced with a Roche/454 GS Junior sequencer using titanium chemistry (454 Life Sciences, Branford, CT).
Pyrosequencing data were analyzed using CLC Genomics Workbench (CLC Bio, Aarhus, Denmark). Initially, reads were trimmed to remove short and low-quality reads and then assembled using the CLC de novo assembler. As a cutoff for the variance analysis, it was established that variations of Ͼ10% from the genome consensus sequence would be included in the multiple alignment. Therefore, any sites with Ͻ10% variation were treated as below the error threshold. The resulting consensus sequences from FASTA were used in a reference-guided alignment with published ML29 S and L segment sequences using Vector NTI software.
Nucleotide sequence accession numbers. Sequencing data have been released to GenBank's Sequence Read Archive (SRA) as IGS_1, SRA046428; IGS_2, SRA046422; IGS_3, SRA046430; IGS_4, SRA046423; IGS_7, SRA046 431; IGS_9, SRA046473; IGS_10, SRA046474; IGS_11, SRA046475; IGS_12, SRA046485; IGS_13, SRA046493; IGS_14, SRA046495; IGS_15, SRA046488; IGS_16, SRA046484; IGS_17, SRA046481; IGS_18, SRA046482; IGS_19, SRA046486; IGS_20, SRA046487; IGS_21, SRA046483; IGS_22, SRA046489; IGS_23, SRA046490; IGS_24, SRA046491; IGS_25, SRA046492; IGS_26, SRA046494; IGS_27, SRA051861; IGS_28, SRA051889.
RESULTS
The ML29 phenotype and sequence remained stable after multiple in vitro passages. To ensure that mutations occurring in vitro, during the vaccine production process, would not affect the attenuated phenotype, ML29 was passaged 12 consecutive times in Vero cells, following the standard protocols for vaccine production. There were no significant differences in viral titers (less than 1 log unit), RNA concentrations, or plaque morphology between passages ( Fig. 1A , B, and C). The cytopathic effects (CPE) produced by ML29 were similar to those described for other arenaviruses: healthy Vero cells became spindle shaped and refractile, and infected cells detached from the monolayer, forming progressively larger holes (or plaques) in the monolayer. LASV plaques are around 2 mm, while for MOPV, 1 mm is the average diameter. ML29 has the small-plaque morphology of MOPV, a phenotype controlled by its MOPV-derived L RNA segment (9) . After 12 passages, the ML29 plaque size remained stable, ranging from 0.8 mm to 2.0 mm, with a mean of 1.1 mm, in agreement with previous results (Fig. 1C) (9) .
ML29 virus stocks were tested for phenotypic stability by i.c. inoculation of suckling mice in comparison to MOPV and LASV. In this model, MOPV kills between 50 and 100% of mice after 2 weeks of i.c. infection. LASV is rarely lethal, and ML29 has intermediate pathogenicity in suckling mice (9) . Here, mice were inoculated i.c. with ML29 passages 2, 6, and 12; the mortality rates were approximately 50%, compared to 90% in MOPV-inoculated mice and 5% in the noninfected control group (Fig. 2) . These data agree with previous studies and suggest that the ML-29 attenuated phenotype is not compromised after 12 passages in vitro (9) .
In order to detect changes in the virus genome after several passages in vitro, ML29 isolates were sequenced by the primerwalking method. The sequence analysis of both ML29 segments (L and S) from passages 2, 6, and 12 did not deviate from the consensus sequence of the ML29 viral stock, confirming 16 out of 18 mutations previously published in GenBank (NC_006572 and NC_006573) ( Fig. 3A and B) . By using this method, it was not possible to confirm the two mutations at the 5= end of the L segment. These results showed that the ML29 consensus sequence is stable even after 12 passages in Vero cells.
The ML29 sequence undergoes some variation after inoculation of mice, marmosets, and rhesus macaques. ML29 was isolated from serum samples collected from vaccinated animals: five h later for the subsequent infection. After 12 passages, all isolated viruses were compared for ML29 virus titer (A), RNA concentrations (g/ml) (B), and plaque morphology (C), as well as for the phenotype in suckling mice (Fig. 2) . After viral RNA extraction and cDNA preparation, ML29 isolates were tested by pyrosequencing. This method allowed the detection and characterization of single-nucleotide variants and the evaluation of their frequency in each viral preparation. The sequences obtained from animal samples, viral stock (IGS-15), ML29-purified viral stock (IGS-27), and ML29 isolated after 12 passages in vitro (IGS-15) were compared with the published ML29 sequences (16) . Each passage represents 48 h of infection at an MOI of 0.01. During that time, the titer went from 1 ϫ 10 3 PFU/ml to 1 ϫ 10 7 PFU/ml. This 4-log-unit increase was maintained in IGS-16 during 12 passages in Vero cells.
Comparison of all samples with the reference ML29 sequences showed 27 different mutations in the S segment (all in coding areas) and 50 in the L segment (46 located in coding regions and 4 in noncoding areas) (Tables 1 and 2 ). SNPs were considered only if they represented Ͼ20% of the viral subspecies at that locus and were described as synonymous (not affecting codon coding) or as nonsynonymous (changing the encoded amino acid). Not all SNPs were present in all samples, except for a synonymous change in nucleotide 6490 (F/F) with a frequency higher than 95%. The viral stock sequence revealed 2 SNP differences compared with the previously published data: the F6490F synonymous change and a K2974R change with low frequency (36%). Wider sequence diversity was observed in the rest of the samples, including the passages in vitro, all in agreement with the viral species present in a viral population (Tables 1 and 2 ).
The highest variation was seen in the isolates from nonhuman primates, with a total of 35 SNPs in monkeys (GP, 4; NP, 9; Z, 1; L, 20), followed by 27 changes in marmosets (GP, 2; NP, 6; Z, 1; L, 18) and 17 in Vero cells (GP, 0; NP, 6; Z, 1; L, 10). The rodent system showed similar numbers of changes. In the isolates from CBA/J mice, there were 17 nucleotide substitutions (GP, 3; NP, 5; Z, 1; L, 8), and the C57BL/6 mice had the lowest number of changes, 13 (GP, 1; NP, 4; Z, 1; L, 7) ( Table 3) .
There were a total of 67 transitions divided as follows. In nonhuman primates, there were 32 transitions in the L segment, all located in the L protein-coding sequence. The S segment had 20 transitions, with 2 in GP and 18 in NP. In the isolates from mice, the L segment had 7 transitions, also located in the L proteincoding region, and the S segment had 11 transitions, 4 in GP and 7 in NP. The total number of transversions was 18. In nonhuman primates, the L segment had 2 changes in Z and 5 in L proteincoding sequences; the S segment had 4 in GP and 1 in NP. In mice, the L segment had 1 transversion in Z and 4 in L, while the S segment had only 1 in NP (Table 3) .
The most common mutations were A/G, with 19 substitutions. Most of them (17 substitutions) were in the L protein sequence. There were 19 U/C changes (12 in NP and 7 in L). C/U changes were also significant, with 17 substitutions (9 in L, 7 in NP, and 1 GP) (Table 3) . After including any variation of Ͼ10% in the individual genome consensus sequences and then performing multiple alignments, the estimated mutation frequencies per nucleotide were 2.17 ϫ 10 Ϫ3 for IGS-15, 2.37 ϫ 10 Ϫ3 for IGS-16, and from 4.73 ϫ 10 Ϫ4 to 1.98 ϫ 10 Ϫ3 for all of the isolates. Some ML29 variation is host specific. There were a total of 41 synonymous changes: 14 in the S segment (4 in GP and 10 in NP) and 27 in the L segment (1 in Z and 26 in L). The nonsynonymous mutations were also 46:21 in the S segment (5 in GP and 16 in NP) and 25 in the L segment (2 in Z and 23 in L). The selection rates in vivo were compared with those seen in vitro using Vero cells (Table  3 ). For Vero cell ML29 isolates, the nonsynonymous/synonymous ratio (selection rate dN/dS) was not affected for GP and Z proteins. For NP, the dN/dS ratio was 4, showing positive selection, while for the L protein, the ratio of 0.5 suggests negative selection. Selection rates for GP were similar in both in vitro and in vivo models. dN/dS ratios for NP were lower than that seen in vitro but still higher than 1 for monkeys and C57BL/6 and CBA/J mice (1.6, 2, and 1.5, respectively), while for marmosets it was less than 1 (0.7). Selection rates for the L segment were 1 or more than 1 in monkeys (1) and marmosets (1.6), while for Vero cells and C57BL/6 and CBA/J mice, the ratios were comparable and less than 1 (0.5, 0.7, and 0.5, respectively). The selection of changes varies with each host, suggesting that the virus sequence adapts to a specific host molecule (Table 4) . Changes in GP were very close to the cleavage site (residue 260) (18) , changes in NP were either close to the ssRNA binding site (residue 171) in the N domain or close to the immune evasion and Z protein binding sites (residues 59, 223, 341, and 551) in the C domain (18) , and changes in L were close to the endonuclease domain (residue 266) or to the globular domain (1572). Protein prediction analysis showed that those mutations, at the amino acid level, induced structural changes in GP and NP (18) . The L protein predicted structure was not obtained due to its large size.
DISCUSSION
ML29 vaccination elicits specific immune responses and completely protects experimental rodents (mice and guinea pigs) and nonhuman primates against fatal LASV disease by inducing sterilizing cell-mediated immunity. A single injection of ML29 reassortant vaccine for LF induces low, transient viremia and low or moderate levels of ML29 replication in tissues of common marmosets, depending on the dose of the vaccination (13) .
Due to the high mutation rates associated with RNA viruses, it is important to make sure that successive passages during the production process do not affect the ML29 attenuated phenotype as a result of the accumulation of genetic changes. Following the FDA guidelines (19) , ML29 was tested in vitro and in vivo. The plaque morphology and the studies in suckling mice indicated that after 12 passages in Vero cells, ML29 did not lose its attenuated phenotype. Those observations were in agreement with the initial characterization of ML29 (9) .
In healthy ML29-vaccinated monkeys, evidence of virus infection is difficult to obtain. Although it was easier to isolate ML29 virus from SIV-infected macaques, the viremia and levels of ML29 remained transient and low (15) . Given the attenuated nature of ML29, those animals did not show increased signs of pathology or shortened life spans due to the SIV infection; however, they did show both humoral and cell-mediated immune responses to LASV GP and NP similar to those of non-SIV-infected animals (15) .
Previous studies have shown tissue-specific variations in different viral models, including arenavirus sequences isolated from the same animal (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . To avoid this bias, ML29 was isolated only from sera of vaccinated animals. Additionally, sequences from cloned DNA virus genes were compared with S viral RNA linearly amplified and sequenced directly by pyrosequencing. These methodologies minimized polymerase misincorporations and reduced the artificial inflation of intrahost diversity (29) . The early-passage, highly plaque-purified ML29 viral stock contains very low numbers of viral subspecies (only 2 SNPs were detected), indicating some degree of stability in vitro after a low number of passages. This can be attributed to the fact that Vero cells do not exert much pressure on ML29; however, after 12 passages, there were 10 changes in the L segment and 6 in the S segment, albeit at low frequency for each altered locus (it is important to emphasize that the attenuated phenotype is preserved). Of those, only 1 in the L segment (L266L in the L protein) and 3 in the S segment (D341G, M179L, and K110R, all in NP) increased their percentages in the viral population after vaccination. These results suggest that low-frequency mutations under very low selective pressure in vitro can be positively selected in vivo, as demonstrated by their increased frequency in the viral population and in the dN/dS ratios. The selected mutations were more frequently seen in NP than in the L protein. This could be due to NP's variety of functions and interactions during the viral replication cycle: it encapsidates the genome segments, interacts with L protein to form the RNP core for RNA transcription, associates with Z protein for viral assembly, plays an important role in suppressing the innate immune response, and has exonuclease and nucleotide binding activities (31) (32) (33) (34) (35) (36) (37) (38) . In contrast to NP, the L protein is less immunogenic, and its RdRp activity has to be more conservative.
In order to include the maximum number of changes in the comparison of the mutation frequencies, we included any variation of Ͼ10% in the individual genome consensus sequences. The estimated frequencies did not changed significantly after 12 passages in vitro (2.17 ϫ 10 Ϫ3 for IGS-15 versus 2.37 ϫ 10 Ϫ3 for IGS-16), and they were reduced in vivo after vaccination (4.73 ϫ 10 Ϫ4 to 1.98 ϫ 10 Ϫ3 for all of the isolates), indicating high stability of ML29 after in vitro and in vivo replication. The high mutation frequencies seen in these isolates (10 Ϫ3 ) in comparison with those reported for other arenaviruses (10 Ϫ4 ) (39) are due to the inclusion criteria (Ͼ10%).
The nonsynonymous-to-synonymous mutation ratio (dN/dS) indicates the tolerance of an organism for genetic changes (40) . Since the nonsynonymous changes are reflected in amino acid changes, the ratio can be considered a measure of selective pressure at the protein level (41) . As seen in Table 3 , the dN/dS ratio for NP is significantly reduced when comparing in vitro virus with virus recovered after vaccination, while there is a smaller variation in the dN/dS ratio for the L protein. This suggests that NP changes faster than the L protein but that those changes are not enough to overcome the host immune system. This observation could have a therapeutic application for LASV infections, since viruses with low dN/dS ratios may have increased sensitivity to lethal mutagenesis and can become targets for mutagenesis-based antiviral approaches (41) . However, synonymous changes cannot be completely ignored, since some codons can be translated more efficiently than others or affect the RNA secondary structure (42) . There is evidence that viruses can evolve toward the use of hostpreferred codons (43, 44, 45) .
Single-nucleotide polymorphisms (Ͼ20%) have been described here but not functionally characterized. Several ML29 isolates were derived from rhesus macaques 1 or 2 weeks after vaccination but were cleared from plasma by 3 weeks after vaccination.
For these isolates, we speculate that they were unable to adapt to host restrictions and became extinct, as described for other RNA viruses (46) (47) (48) (49) .
In conclusion, this study provides in vitro and in vivo evidence of the stability of the reassortant virus ML29, as well as information regarding the compositions of viral subpopulations. There was no evidence of ML29 reversion to the parental sequences of MOPV or LASV, and there was no evidence of escape mutants that persisted in vaccinated primates, indicating that ML29 vaccine remained susceptible to host immune surveillance. We did not perform functional experiments to see the effect of each SNP in viral replication or pathogenesis. Further analyses using plaquepurified isolates and reverse genetics are required to clarify the role of each of the mutations in the attenuated phenotype displayed by this vaccine candidate. Specific mutations were found in monkeys (blue shading), marmosets (pink shading), or mice (orange shading) or were common to marmosets and mice (green shading). The data were previously published in a review paper (18) ; however, the table summarizes the original data presented in this article.
